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Abstract 
Experiments were conducted to assess the effects of direct and indirect exposure 
scenarios, different degrees of residual flour, open and obstructed positions, and seasonal 
temperature variations on the efficacy of synergized pyrethrin against the red flour beetle, 
Tribolium castaneum (Herbst) and the confused flour beetle, Tribolium confusum Jacquelin du 
Val. To evaluate effects of direct and indirect exposures of T. castaneum and T. confusum eggs, 
larvae, pupae, or eggs to the insecticide aerosol within a flour mill, the following treatments were 
made to each life stage: insects treated with aerosol and transferred to treated or untreated flour, 
untreated insects transferred to treated flour, and insects and flour combined and treated together. 
Different degrees of harborage or sanitation levels were created by exposing T. confusum larvae, 
pupae, and adults to pyrethrin aerosol in Petri dishes containing 0, 0.1, 1, 5, and 10 g of wheat 
flour. Effects of pyrethrin dispersal in open and obstructed positions and seasonal temperature 
variations were assessed by exposing T. confusum pupae and adults in open positions and inside 
wooden boxes (1 m long, 20 cm wide, and 5, 10, or 20 cm high) inside experimental sheds 
maintained at target temperatures of 22, 27, and 32 °C. Results showed that when T. castaneum 
and T. confusum were directly exposed to aerosol without the flour source, or with a low amount 
of flour at open exposed areas, the aerosol provided good control against all life stages of T. 
castaneum and T. confusum. However, when insects were indirectly exposed (treated together 
with flour or untreated insects were transferred to treated flour), or treated together with deeper 
flour amounts, and exposed inside the boxes, the efficacy was greatly reduced. Eggs and pupae 
of both the species were more susceptible compared to larvae and adults. Additionally, the 
moribund adults initially observed in indirect exposure treatments, or at the deeper flour depth 
  
and exposure positions insides the boxes, were better able to recover. Generally, temperatures in 
the range of 22-32 °C had no significant effects on overall efficacy of pyrethrin aerosol.  
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Literature Review 
Flour beetles: biology and behavior  
The red flour beetle (RFB), Tribolium castaneum (Herbst) and the confused flour beetle 
(CFB), Tribolium confusum Jacquelin du Val, are members of the Order Coleoptera and Family 
Tenebrionidae. These two species are identical in many ways in their biology and behaviors. A 
female Tribolium lays on an average 2-3 eggs per day (Mukerji and Sinha 1953) and a maximum 
of 1000 eggs during her life time (Sallam 1999), nevertheless, fecundity may vary with 
temperature and other environmental conditions. Eggs are microscopic, white or colorless, and 
covered with sticky secretions which are deposited within flour or other food material. The 
sticky materials allow eggs to cling on surfaces and also allow flour particles to adhere to eggs. 
Under a favorable conditions, eggs hatch within a week into skinny, whitish to yellowish larvae 
which are about 0.25 inch in length. The number of larval instars varies from 5-11, but 7-8 
instars are common (Hill 2002). Larvae are active, voracious feeders that can cause 
significant economic losses in flour mills. Larvae pupate into white to light brown, 
unschlerotized, and non-feeding pupae. Pupae then emerge as reddish brown flat bodied adults. 
Adults are approximately 0.18 inches in length and may live for several months and sometimes 
up to 3 years (Staunton et al. 2008). They are photo-negative and try to avoid direct light by 
hiding within food patches and inside shaded portions of facilities (Park 1934). Under optimal 
conditions (27±1 ºC, 60±5% RH, 12:12 h L: D), T. castaneum and T. confusum complete their 
life cycles in 5-6 and 6-7, weeks respectively (Bry and Davis 1985). However, the life cycle can 
be shorter with increased temperature (Table 1).  
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Table 1. Developmental times (days) for different stages of T. castaneum 
Stages 
Time (days) 
30 °C 34 °C 
Egg 3  2  
Larva 20  15  
Pupa 4  3  
Reproductive maturation 5  4  
Total time (egg to egg) 32  24  
(Source: Beeman et al. 2012) 
Despite many similarities in their biology and behavior, the two species can be readily 
differentiated in the adult stage. The antennae of T. confusum are four segmented and 
proportionate, while T. castaneum exhibit three segmented and peculiarly large antennae (Sallam 
1999). Other morphologically differences are that the side of thorax of T. castaneum is curved 
while that of T. confusum is nearly straight (Mason 2003), and the distance between eyes, when 
viewed ventrally, are narrow in T. castaneum and wide in T. confusum (Rees 1995). The 
development of T. confusum has been found to be relatively slower than that of T. castaneum 
(Bry and Davis 1985). In the US, T. castaneum is more common in warmer southern states, 
while T. confusum is more common in the northern states (Park 1934). An adult of T. castaneum 
can fly short distances at higher temperature but adult T. confusum do not fly (Rees 2004). 
Therefore, T. confusum is more preferred species for higher temperature studies.  
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Occurrence of T. castaneum and T. confusum in flour mills 
T. castaneum and T. confusum are well adapted to arid conditions of flour milling 
facilities. In an active flour mill, flour dust and spillages are continuously generated during 
various milling operations such as grinding, milling, sifting, and moving of processed food 
products. Also, frequent in-depth cleaning and removal of accumulated dusts from and 
underneath the heavy equipment and machinery may be impractical (Hawkin 2008). Those food 
resources can be successfully utilized by the Tribolium adults (Campbell and Hagstrum 2002; 
Fedina and Lewis 2008) and the immature stages (Toews et al. 2010). Practically, T. castaneum 
and T. confusum can be present throughout the mill flow (Good 1937) and throughout the 
facility, but they are abundantly present in unloading, milling, processing, pelleting, weighing, 
and storing sites (Trematerra and Sciarretta 2004).  
Economic damage  
T. castaneum and T. confusum can cause significant damage by direct consumption of 
flour and finished products. A larva and an adult of T. castaneum can consume approximately 13 
and 315 mg of flour, respectively, during their lifetimes (Hagstrum and Subramanyam 2000). 
However, substantial economic losses can be caused through contamination of processed 
commodities with metabolic byproducts and body parts (Neethirajana et al. 2007). Adults of both 
the species secrete a compound called benzoquinones from specialized prothoracic and 
abdominal stink glands (Sonleitner and Gutherie 1991). The properties of benzoquinones are not 
fully understood, but it may play role in defense against microbes and predators (Pappas and 
Morrison 1995; Yezerski et al. 2004). This compound is heat stable and is of concern because it 
can taint food product, producing unappealing odors (Sallam 1999), and may have carcinogenic 
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effects (Lis et al. 2011). The contaminated products may result in loss of consumers’ goodwill 
and failure to meet regulatory requirements (Campbell and Arbogast 2004), thereby increasing 
the losses due to infestation.  
Pest control in milling facilities 
Methyl bromide (MB) was a primary fumigant for pest control in milling facilities until 
2005, when it began to phase out within the US as part of the Montreal Protocol. This was an 
international agreement to reduce the use of this powerful ozone depleting agent (Fields and 
White 2002). MB had many desirable characteristics of a fumigant such as good penetration 
ability and effectiveness against a broad spectrum of storages insects and their life stages (eggs, 
larvae and adults) (CNMA 2007). With the phase-out of MB, milling facilities’ pest control 
reliance has shifted to whole structure treatments with fumigants and heat, or on non structural 
treatments such as aerosols, residual contact insecticides as surface treatments, and increased 
sanitation.  
Whole structure treatments  
Facility fumigation: Fumigation is the process of applying insecticides in the form of 
toxic gases (White and Leesch 1995). Currently, the only fumigants registered for use inside 
flour mills in the US are sulfuryl fluoride (SF) and phosphine. SF is an inorganic, nonflammable, 
non corrosive gas which readily vaporizes under normal fumigation conditions. It penetrates into 
insects through spiracles in postembryonic life and through shells in eggs, where it breaks down 
into the fluoride anion (Prabhakaran 2006). The fluoride anion can disrupt the glycolysis and 
fatty acid cycles and deprive the affected insect of necessary cellular energy (Prabhakaran 2006). 
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In the US, the SF formulation Vikane®, was available for use in structures since late 1950s 
(Derrick 1990), before a newer formulation, Profume®, was registered for use in food and feed 
facilities in 2004. SF has been cited as a less effective fumigant against the egg stage of insects 
compared to MB (Emekci 2010). Additionally, there are concerns regarding fluoride residues in 
food due to SF treatment (USEPA 2012), and current atmospheric concentration of this potential 
greenhouse gas (GHG) (Andersen et al. 2009). In January, 2011, EPA proposed gradual phase 
out of all food fumigation with SF within three years (USEPA 2012).  
Similarly, phosphine is an unappealing fumigant to millers because it is corrosive to 
copper, silver, and gold (Fields and White 2002), and can cause potential damage to the electrical 
wiring system, computers and other instrumentation inside the food facilities. Also, phosphine 
resistance has been documented in major storage insects including T. castaneum (Subramanyam 
and Hagstrum 1995; Benhalima et al. 2004; Opit et al. 2012). Besides, SF and phosphine 
fumigants need tight sealing of the facilities prior to application to ensure that the gaseous 
insecticide does not contaminate outside environment. Therefore, the labor costs associated with 
sealing can increase the cost of fumigations (Watters 1968). 
Heat treatment: Heat treatment can be defined as increasing the temperature of the 
facilities to levels that kill all life stages of flour beetles The current recommended level is 
raising air temperature up to 50–60 °C for at least 24 hours (Fields and White 2002; Dosland et 
al. 2006, Mahroof et al. 2003, Subramanyam et al. 2011). Different heating devices such as 
electrical, forced air gas, and steam heaters are being used for heat treatments (Hulasare et al. 
2010). The high heat denatures proteins and disrupts the enzymatic functions in insects leading 
to their death (Fields and White 2002). Furthermore, it reduces oviposition and progeny 
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production in survivors (Mahroof et al. 2005). Heat treatment has several other advantages. It is 
safe, residues free, requires no regulatory approval, and resistance development in insects is less 
likely (Fields and White 2002). However, there are practical considerations for using heat 
treatment. Achieving and holding the temperature as high as 50°C for at least 24 hours poses 
technical and economical challenges to a commercial facility (Brijwani et al. 2009). High 
temperature can cause adverse impacts on structural components and packaging materials in 
milling facilities (Dowdy and Fields 2002; Hulasare et al. 2010). In addition, the efficacy of heat 
can be greatly reduced if it is not dispersed uniformly among the crowded and complex setting 
within a milling facilities by the use of air movers or fans (Mahroof et al. 2003; Roesli et al 
2003).  
Non-structural treatments  
Residual surface treatments: Certain residual insecticides can be applied as general 
surface treatments within a milling facility (Arthur 2012). These residual treatments must leave a 
residue on the surface that will be lethal enough to kill crawling insects (Toews et al. 2003). 
Some of the commonly used insecticides for surface treatments are diatomaceous earth (DE) 
(Arthur 1998; Dowdy and Fields 2002), spinosad (bacterial fermentation insecticide, registered 
in USEPA in 2005) (Bonjour et al. 2006), cyfluthrin (Arthur 1998), and insect growth regulators 
(IGR) such as hydroprene (Arthur 2001; Toews et al. 2005), methoprene (Jenson et al. 2009), 
and pyriproxfen (Arthur et al. 2009). The effectiveness of residual treatment may vary depending 
upon several conditions such as nature of treated surface, insecticidal formulation, target species, 
environmental conditions, etc. (Arthur 2012). White and Leesch (1995) stated that residual 
activity of many insecticides decreases rapidly due to hydrolysis on concrete surfaces which 
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have pH 10.5 or greater. However, Toews et al. (2003) reported greater contact toxicity of 
spinosad on Tribolium adults exposed on concrete compared to those exposed on steel, unwaxed 
tile, or waxed tile. In another study, Arthur (2000) exposed adult T. castaneum and T. confusum 
to diatomaceous earth at 22, 27, and 32°C on filter paper inside plastic Petri dishes and held them 
for one week. Mortality was lowest at 22°C but increased with temperature. Therefore, the 
choice of insecticides for residual treatment should be based on biotic and abiotic factors within 
the facilities. Also, residual treatment can be challenging to control immature stages of insects 
located inside food patches or hidden areas that may not be treated directly.  
Aerosol insecticides: Aerosol insecticides, also known as fogging, space sprays, or ultra-
low volume spray (ULV), involve dispensing liquid insecticide formulation through a 
mechanical device in the form of fog or mist (Peckman and Arthur 2005). The applicator can be 
small handheld fog generators, or wall mounted permanent systems (Toews et al. 2010). The cost 
of applying aerosols is far less when compared to fumigation with MB, SF, or to heat treatment 
(Boina and Subramanyam 2012). Dichlorvos and pyrethrins are two of the common aerosol 
insecticides recently being used in flour mills. Dichlorvos is an acetylcholinesterase (AChE) 
inhibitor. Toxicity to exposed insects is through accumulation of acetylcholine at various sites as 
a result of AChE inhibition (Wang et al. 2004; Goel and Aggarwal 2007). However, many 
detoxification enzymes in insects can detoxify insecticides such as dichlorvos resulting in the 
reduced efficacy of insecticides to inhibit AChE (Zhu and Gao 1999). Dichlorvos resistance has 
been documented in many storage insects (Srivastava and Sinha 2000). Additionally, dichlorvos 
is cholinesterase inhibitor and an accidental exposure can be extremely hazardous to human and 
animals (Chattopadhyay et al. 1982). It has a positive correlation with temperature (Lellinger 
1972) which means it can be less effective during cool season and in poorly heated facilities 
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(Wiliams and Walsh 1989). Also, it is highly volatile compound (White and Leesch 1995). 
Therefore, in the recent times, there is growing interest in the use of pyrethrin insecticides for 
aerosol spray as an alternative to dichlorvos (Boina and Subramanyam 2012).  
Pyrethrin is a natural insecticide produced by grinding dried flowers of certain species of 
chrysanthemum plants. The extracted dusts usually have about 30% active ingredient (A.I) which 
comprises of pyrethrin 1, pyrethrin 2, cinerin 1, cinerin 2, jasmolin 1, and jasmolin 2 
(Gunasekara 2004). These active insecticidal ingredients are collectively called as pyrethrins. 
Different commercial formulations of pyrethrins are available for the control of storage pests and 
may be referred both as pyrethrins or pyrethrin as different ingredients are formulated as a single 
insecticide.  
Pyrethrin is popular for use in flour mills as it possesses low toxicity to mammals and at 
the same time is toxic to a broad range of stored product insects (Casida 1980). When pyrethrin 
penetrates into the insect’s cuticle, it reaches the nervous system, and binds to sodium channels 
resulting in hyperexcitation of nerve cells (Goel and Aggarwal 2007). The sequential 
intoxication symptoms in insects include excitation, uncoordination in movement, and 
prostration (Blum and Kearns 1956). The principle drawbacks of pyrethrin usage are instability, 
rapid loss of insecticide activity and quick recovery from knockdown (Rathore and Ullah 2009). 
Therefore, pyrethrin insecticide is often used with the synergist piperonyl butoxide (PBO) (Gist 
and Pless 1985). It is reported that PBO can increase the potency of pyrethrin by more than 
fourfold when added at two to ten parts per part of pyrethrin (Casida 1980; Cox 2002).  
Factors influencing efficacy of pyrethrin aerosols: Pyrethrin is well known for its 
negative temperature coefficient. Guthrie (1950) applied pyrethrin topically in German 
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cockroaches and found that it was more toxic at 14 and 22°C than at 32°C. Similar results were 
reported by Hinks (1985) who emphasised  on spraying pyrethrin and pyrethroid insecticides 
during cool weather and during later part of the day. But, when PBO is added to pyrethrin, its 
toxicity is increased at higher temperature (Blum and Kearns 1956). The possible reason for this 
might be; PBO, in synergized pyrethrin, blocks the detoxifying enzymes in insects and the 
inhibition of the detoxifying mechanism is more efficient at high temperature (Blum and Kearns 
1956). Therefore, the seasonal temperature variations within the milling facilities can influence 
the effectiveness of synergized pyrethrin. However, there are few documented scientific reports 
regarding the interactions of temperature and synergized pyrethrin and their efficacy on stored 
product insects. In addition, the structural and machinery barriers in flour mills could affect the 
movement of aerosols. Watters (1968) conducted a study using the rusty grain beetles, 
Cryptolestes ferrugineus, to understand the dispersion of synergized pyrethrin aerosols. Watters 
(1968) reported mortality of the insects only on the floor and up to 1.5 m from application 
position. Similar results have been reported by Toews et al. (2010), who reported less than 75% 
mortality in all life stages of T. castaneum in Petri dishes exposed under wooden pallets as 
compared to at least 80% mortality in open positions. Furthermore, the effectiveness of 
synergized pyrethrin aerosols may vary with the insect species and life stages. Arthur (2008) 
reported greater susceptibility of T. castaneum adults compared to T. confusum for synergized 
pyrethrins.  
Sanitation: Sanitation refers to cleaning and eliminating extraneous food materials 
within food facilities (Cramer 2006). Eliminating flour patches within the facilities also 
eliminates the hiding and breeding sites of many storage insects because they are the favored 
sites for oviposition and development (Tenhet et al. 1958). In an unclean facility, the 
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accumulated food dusts and spillages can compromise the effectiveness of any kinds of pest 
control methods applied such as heat treatments (Brijwani et al. 2012), residual surface 
treatments (Arthur 1998), and aerosols (Arthur and Campbell 2008; Toews et al. 2010). 
Moreover, food patches may provide shelter (Barson 1991) and nutrition (Arthur 2000) to enable 
survivors of treatments to recover after exposure to control methods. Therefore, integrating 
sanitation with chemical control methods may help to increase their effectiveness. 
Summary  
Synergized pyrethrin aerosol can be an economically and technically feasible alternative to 
MB. It may reduce or replace the current heavy reliance on whole structure treatments. However, 
different biotic and abiotic factors can influence the efficacy of an aerosol treatment. The 
influence of seasonal temperature variations, barriers, and different degrees of harborage on the 
efficacy of synergized pyrethrins has not been well documented. T. confusum and T. castaneum 
are two economically important and abundant species in flour mills. Adult and larval stages are 
mobile and voracious feeder. Many previous studies with fumigants and laboratory studies have 
documented significant differences in stages susceptible to different insecticides in storage 
insects including T. confusum and T. castaneum. However, most of the studies on the efficacy of 
aerosols were done using adult beetles, and those results may not reflect efficacy against 
immature stages.  
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Objectives  
1) To evaluate the efficacy of synergized pyrethrin aerosol at different direct and indirect 
exposure scenarios that could be encountered in a flour mill. 
2) To compare the susceptibility between T. castaneum and T. confusum. 
3) To determine the susceptibility of immature stages (eggs, larvae, and pupae) of T. 
castaneum and T. confusum. 
4) To evaluate the effects of different degree of flour accumulation on the efficacy of 
synergized pyrethrin aerosol.  
5) To determine the toxicity and dispersion of aerosol at 3 different temperature levels: 22, 
27, and 32 C. 
6) To determine dispersion of aerosol insecticide at different open and obstructed positions.  
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Hypothesis 
Ha1:   Synergized pyrethrin aerosol will be less effective if insects are not directly exposed  
Ha2:   T. castaneum and T. confusum eggs will be less susceptible than immature stages 
Ha3:   T. confusum will be less susceptible to synergized pyrethrins than T. castaneum 
Ha4:   Efficacy of the pyrethrin aerosol will decrease with increased flour depth 
Ha5:   Temperature variations will influence the toxicity of pyrethrin aerosol 
Ha6:   Dispersion of aerosols will be low under barriers  
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Chapter 1 - Evaluation of the efficacy of pyrethrins used as aerosols 
for pest control in milling facilities  
Abstract 
Aerosol insecticides are being used in flour mill pest management programs, but there is 
limited information on their efficacy on different insect life stages. In this study, we evaluated 
the efficacy of synergized pyrethrin applied as an aerosol against eggs, larvae, pupae, and adults 
of the red flour beetle, Tribolium castaneum (Herbst) and the confused flour beetle, Tribolium 
confusum Jacquelin du Val. Effects of direct and indirect exposure were evaluated by exposing 
each life stage to the aerosol and then transferring to untreated flour, transferring untreated 
insects to treated flour, or exposing both the insects and the flour to the aerosol. The synergized 
pyrethrin aerosol was effective against both species and all life stages when insects were directly 
treated with aerosol irrespective of transferring them to treated or untreated flour, with mortality 
generally >88%. However, the mortality was significantly reduced when insects were either 
treated together with flour or untreated insects were transferred to treated flour (indirect exposure 
to aerosol spray). Adults and larvae of both species were more tolerant compared to eggs and 
pupae. Additionally, more moribund adults in indirect exposure treatments were able to recover 
compared to moribund insects in the direct exposure treatments. Results show the importance of 
delivering the aerosol to the insects instead of treating flour or surfaces. Good sanitation prior to 
aerosol application could facilitate direct exposure of insects and thus increase effectiveness of 
aerosols applied inside flour mills.  
Keywords: Aerosols, synergized pyrethrin, flour mill, Tribolium castaneum, Tribolium 
confusum 
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Introduction 
Flour milling facilities typically consist of different units such as grain receiving and 
storing unit, cleaning towers, milling and processing arenas, and packaging and shipping 
warehouses (Williams and Rosentrater 2007). The constant availability of whole grains and 
milled products provides excellent feeding and oviposition sites for many stored product insects. 
The red flour beetle (RFB), Tribolium castaneum (Herbst)  and the confused flour 
beetle, Tribolium confusum Jacquelin du Val, are two of the most important pests in the United 
States (US) (Campbell and Runnion 2003; Arthur and Campbell 2008; Toews et al. 2009). These 
species can successfully exploit food patches of different size and quality (Campbell and 
Hagstrum 2002; Campbell et al. 2010; Ming and Cheng 2012) that are generated during various 
milling operations such as grinding, milling and moving of processed food products. In a flour 
mill, T. castaneum and T. confusum can cause economic impact by feeding and also through 
contamination and damage of finished products, which may result in return and rejection of 
goods, loss of customer good will, and failure to meet regulatory requirements (Campbell et al. 
2002).  
In the US, flour milling facilities utilize whole structure treatments such as heat or cold 
and fumigants, or more targeted treatments such as aerosols, sanitation, surface treatments. to 
control insect pests. Heat and cold treatments may not be suitable for older facilities and can be 
cost-intensive, while fumigants such as sulfuryl fluoride, and cylinderized phosphine require 
several of facility shutdown, and may cause potential negative impacts on equipments and 
structures. Hence, there is increasing interest in targeted treatments in general and aerosols in 
particular (Campbell et al 2010).  
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Aerosol application is a method of applying a liquid insecticide in the form of fog or mist 
consisting of particle sizes ranging from 5 to 50 microns (Peckman and Arthur 2005), which are 
deposited on the surface as liquid droplets. The disadvantage associated with the aerosols is that 
they may not distribute into areas that are obstructed by equipment or into sites that harbor 
hidden infestations in spillage and accumulated food dust. Nonetheless, the exposed food 
materials may have some residual effects and insects could be indirectly exposed through treated 
foods (Arthur 2010), but there are few published data regarding activity of aerosols through 
indirect exposure.  
Currently, insecticides such as dichlorvos, synergized pyrethrin, pyrethroids (Arthur and 
Campbell 2008), and insect growth regulators (IGR) are being used as aerosol insecticides. 
Pyrethrins are of special interest due to their low mammialin toxicity and efficacy against a 
broad range of storage insects. Entech Fog 10 (EPA Reg. No. 40391-10) which is comprised of 
1% pyrethrin and 2% piperonyl butoxide (PBO) is a newer formulation of pyrethrins that is 
commercially available in the US. The synergist PBO prolongs the biological activity of 
pyrethrins (Brooke 1958) and it has been labeled safe for use in food premises (Arthur 2010; 
Sutton et al. 2011). However, most of the data available on the efficacy of aerosol insecticides 
are from dichlorvos (Harein et al. 1970; Bond et al. 1972; Kane et al. 1977), which belongs to a 
different class of insecticide than pyrethrins. 
Evaluation of the efficacy of pyrethrin aerosol against T. castaneum and T. confusum may 
be crucial to determine the potentials of pyrethrin aerosol in milling facilities. Most published 
studies regarding efficacy of pyrethrin have been conducted against adults, but in field 
conditions, adults may comprise 5 to 10% of the total population (Toews et al. 2005; Campbell et 
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al. 2010ab; Arthur et al. 2013). There are no recent studies evaluating different life stages of T. 
castaneum and T. confusum for susceptibility to pyrethrin. Therefore, the objectives of this study 
were to determine: 1) efficacy of synergized pyrethrin aerosol at different direct and indirect 
exposure scenarios that could be encountered in flour mills; 2) compare the susceptibility 
between T. castaneum and T. confusum; and 3) determine susceptibility of immature stages. 
Materials and Methods 
This study was conducted during October and November 2011 in two experimental sheds 
at the USDA-ARS Center for Grain and Animal Health Research (CGAHR), Manhattan, KS. 
The dimensions of the sheds were 6 x 2.9 x 2.6 m
3
, and the floor, walls, and roof of each shed 
were lined with 0.6 mm polyethylene sheeting. Environmental conditions inside the shed were 
maintained at 27°C and 70% relative humidity (RH), and monitored with HOBO data loggers 
(Onset Computer Corporation, Bourne, MA).  
Colonies of T. castaneum and T. confusum were established  using existing laboratory 
strains that had been in culture at the CGHAR for more than 20 years. Colonies of each species 
were on a diet of wheat flour supplemented with 5% brewer’s yeast, and reared inside a 
laboratory incubator set 27 °C, 70% RH. The life cycle at these conditions takes approximately 6 
weeks to complete. The life stages for each of the two beetle species used for the study were 2-d-
old eggs, late-stage (4-week old) larvae, 5-week old pupae, and 1-week-old adults.  
The insecticide used in the test, Entech Fog 10 (EPA Reg. No. 40391-10) is produced by 
Entech Systems Corporation, Kenner, LA, and comprised of 1.0% pyrethrin, 2.0% piperonyl 
butoxide (PBO) (technical), 3.33% N-octyl bicycloheptane dicarboximide, and 93.67% other 
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ingredients. One of the sheds was used as the untreated control and other for exposure to the 
insecticide. Inside each shed, a 1.4 m x 0.70 m area was marked with a measuring tape. This grid 
was about 1 m from the end wall and 0.75 m from the side walls, and was divided into 10 equal 
columns and 4 rows.   
An exposure arena consisted of glass Petri dishes with an approximate surface area of 63 
cm
2
. Twenty individuals of a particular life stage for each species were prepared in a Petri dish 
with or without flour. Also, Petri dishes containing only flour but no insects were prepared. Five 
grams of wheat flour was used per dish in all flour dishes. Altogether, there were 40 dishes 
exposed per shed: 16 dishes containing only a life stage for T. castaneum or T. confusum, 16 
dishes containing only flour, and 8 dishes with a life stage of an insect and flour together. All the 
40 dishes were placed randomly in a 10 x 4 layout. At 1.5 m from the door, and 2.8 m from the 
grid, a line was marked for the aerosol spray position.  
The required volume of insecticide per shed (47 mL) was calculated on the basis of 
labeled rate of Entech Fog 10 (1.04 mL/m
3
). The insecticide was delivered using a hand-held 
aerosol applicator, Fogmaster jr 5330 (The Fogmaster Corporation, Deerfield Beach, FL) with 
delivery capacity of 27 g/min.  Since 1 mL of Entech Fog 10 weighs 0.76 g, a total of 20.8 mL 
Entech Fog 10 could be delivered per min. Hence, total time required to deliver 47 mL of 
insecticide was 2 min and 16 sec. The aerosol was applied by standing at the marked spray 
position and holding the Fogmaster at about 3 m above the floor and pivoting the unit slowly 
from side to side. The insects and flour dishes were held in both treated and control sheds for 2 h 
post aerosol application.  
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After 2 h of exposure, the dishes were removed from the sheds. To  mimic different direct 
and indirect ways that insects could be exposed to aerosol insecticides within a flour mill the 
following treatments were created for each life stage: insects treated with aerosol and transferred 
to treated flour (TI + TF), treated insects transferred to untreated flour (TI + UF), insects 
untreated and transferred to aerosol treated flour (UI +TF), untreated insects transferred to 
untreated flour (UI +UF) (control treatment), insects and flour combined and both treated 
together (TIF), and insects and flour combined and both untreated (UIF) (control treatment). 
After these transfers were completed, all treatment arenas were placed in an incubator set at 27°C 
and 70% RH. This entire process was repeated six times at weekly intervals.  
For each replicate, adults of each species were assessed at 2, 5, 8, and 15-d after exposure 
to the aerosols, and classified as follows: live (morphologically normal adults), moribund adults 
(which were on their backs and capable of reflex movement), and dead (unable to move when 
prodded with a probe). Untreated controls were classified in the same manner. Exposed pupae, 
larvae and eggs were held in the incubator for 21, 28, and 40 d respectively, to assess the number 
of dead individuals of the exposed immatures. To observe the effects of different treatments and 
different between two Tribolium species, total affected individuals were calculated for all 
developmental stages in each treatment. For adults, affected individuals comprised the total dead 
and moribund individuals, while for immature stages total affected comprised of all the dead, 
moribund, and arrested individuals which could not complete development to the normal adult 
stage. Control mortality was calculated for each stage to compare susceptibility of different 
developmental stages to the aerosol.  
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Statistical analyses were conducted with the General Linear Models (GLM) Procedure of 
the Statistical Analysis System (SAS 9.2 software, SAS Institute, Cary, NC). The number of 
responses, affected, or mortality in each treatment were converted to percentage values were 
transformed by arcsine square root to perform statistical analyses. However, the data presented in 
figures and text are the untransformed values. The total affected data by species and exposure 
methods were subjected to two-way analysis of variance (ANOVA) to determine difference in 
affected individuals produced for each life stage. After two-way ANOVA, one-way ANOVAs 
were performed to determine differences among exposure method and species. Means were 
separated using the Waller-Duncan k-ratio t-test in SAS (P < 0.05). For immature stages, the 
mortality data were analyzed by two-way analysis of variance (ANOVA). For each exposure 
method, mortality data were then analyzed by one-way ANOVA to determine the susceptibility 
among the stages. Differences among means were considered significant at P < 0.05 level.  
Results 
Effects of direct and indirect exposure methods  
Total affected individuals. For adult exposure, the two-way ANOVA by exposure 
methods and species showed no interaction effect for the total affected adults produced at 15-d 
post exposure to aerosol (F = 1.04, df = 5, 60, P = 0.40). The affected adults were significantly 
different for exposure methods (F = 179.44, df = 5, 60, P < 0.01) but not for species (F = 0.77, df 
= 1, 60, P = 0.38). The one-way ANOVA showed significant differences among exposure 
methods for both T. castaneum and T. confusum (F = 61.67, df = 5, 30, P < 0.01; F = 101.08, df 
= 5, 30, P < 0.01, respectively). Exposing adults directly to aerosol affected virtually all of the 
exposed individuals, whether or not they were transferred to treated or untreated flour. However, 
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exposing beetles with flour, or transferring untreated beetles to Petri dishes containing treated 
flour, reduced the total affected individuals in both T. castaneum (85% and 56% respectively) 
and T. confusum (91% and 75% respectively) (Table 1). 
For the pupal stage exposure, the two-way ANOVA showed no interaction effect 
between exposure methods and species at 21-d post aerosol application (F = 0.35, df = 5, 60, P = 
0.87). The total affected pupae were significantly different for exposure methods (F = 137.53, df 
= 5, 60, P < 0.01) but not for species (F = 0, df = 1, 60, P = 0.95). The one-way ANOVA 
showed significant differences among exposure methods for both T. castaneum and T. confusum 
(F = 87.21, df = 5, 30, P < 0.01; F = 103, df = 5, 30, P < 0.01, respectively). Exposing pupae 
directly to aerosol produced significantly higher number of affected individuals, generally 
greater than 98%, irrespective of transferring them to treated or untreated flour, compared to 
exposing pupae to aerosol with flour (80% T. castaneum; 88% T. confusum), or transferring 
untreated pupae to treated flour (80% T. castaneum; 78% T. confusum) (Table 1).   
In the two-way ANOVA test, the percent affected larvae at 28-d were not significant for 
interaction between exposure methods and species (F = 0.25, df = 5, 60, P = 0.93). The total 
affected larvae were significantly different for exposure methods (F = 112.93, df = 5, 60, P < 
0.01) but not for species (F = 0.41, df = 1, 60, P = 0.52). The one-way ANOVA showed 
significant differences among exposure methods for both T. castaneum and T. confusum (F = 
59.32, df = 5, 30, P < 0.01; F = 73.07, df = 5, 30, P < 0.01, respectively). Direct exposure of 
larvae to aerosol produced significantly higher number of affected individuals (at least 96% 
affected) compared to exposing them with flour (75% for T. castaneum; 83% for T. confusum), 
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or transferring untreated larvae to treated flour (75% for T. castaneum; 69% for T. confusum)  
(Table 1).  
Similarly, for the egg stage exposure, the two-way ANOVA showed no interaction effect 
between exposure methods and species at 35-d post aerosol application (F = 0.57, df = 5, 60, P = 
0.72). The total affected eggs were significantly different for exposure methods (F = 149.09, df = 
5, 60, P < 0.01) but not for species (F = 1.09, df = 1, 60, P = 0.29). The one-way ANOVA 
showed significant differences among exposure methods for both T. castaneum and T. confusum 
(F = 126.98, df = 5, 30, P < 0.01; F = 169.33, df = 5, 30, P < 0.01, respectively). Exposing eggs 
directly caused significantly high effects (at least 99% affected), while the percent affected were 
significantly reduced when eggs were either exposed together with flour (85% for T. castaneum; 
86% for T. confusum), or when untreated eggs were transferred to treated flour (94% for T. 
castaneum; 91% for T. confusum). However, for eggs, high mortality was observed in both 
controls (untreated eggs transferred to untreated flour or eggs and flour kept together in Petri 
dishes and unexposed to the aerosol) (Table 1). 
Recovery in Adults. When beetles were exposed without food and transferred to treated 
or untreated flour post exposure, no normal live beetles were found at 2, 5, 8, and 15-d. 
However, when exposed to aerosol with flour, or when untreated beetles were transferred to 
treated flour (indirect exposure), many adults were in the moribund state. Those moribund 
beetles were able to recover with time (Fig. 1A, 1B: T. castaneum; Fig. 1C, 1D: T. confusum). 
Recovery was about 15% in T. castaneum and 8% in T. confusum with food, and about 43% in T. 
castaneum and 25% in T. confusum when untreated beetles were transferred to treated flour (Fig. 
2A: T. castaneum; Fig. 2B: T. confusum).   
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Developmental stage susceptibility 
The susceptibility of the immature stages was compared across the exposure methods. 
For T. castaneum, the mean ± SE mortality for controls UI+UF and UFI were 5.00 ± 1.82 and 
2.50 ± 1.18%, respectively, for larvae, 4.16 ± 2.38 and 5.83 ± 2.38%, respectively, for pupae, but 
28.33 ± 2.47 and 16.66 ± 1.05%, respectively, for eggs. Similarly, for T. confusum, the mean ± 
SE mortality for controls UI+UF and UFI were 1.66 ± 1.05% for both controls in larvae, 2.50 ± 
1.70 and 4.16 ± 0.83% for pupae, but 20.83 ± 4.16 and 19.2 ± 3.51%, respectively, for eggs. 
Therefore, the mortality data were corrected for control mortality (Abbott 1925) for the further 
analysis.  
For T. castaneum, the two-way ANOVA by stages and exposure methods showed no 
interaction effect for the mortality produced among the immature stages (F = 1.24, df = 6, 60, P 
= 0.29), while the stages and exposure methods both were significant (F = 6.34, df = 2, 60, P < 
0.01; F = 16.63, df = 3, 60, P < 0.01, respectively). The one-way ANOVA for stages showed no 
differences among the stages when treated insects were transferred to treated flour, treated 
insects were transferred to untreated flour, insects were  treated together with flour, or insects 
were transferred to treated flour (F = 1, df = 2, 15, P = 0.39; F = 2.90, df = 2, 15, P = 0.08; F = 
0.18, df = 2, 15, P = 0.83; F = 2.88, df = 2, 15, P = 0.08, respectively) (Table 2).  
For T. confusum, the two-way ANOVA by stages and exposure methods showed 
significant interaction between the stages and exposure methods in terms of mortality produced 
among the immature stages (F = 2.76, df = 6, 60, P = 0.02). Also, the stages and exposure 
methods were significant (F = 21.16, df = 2, 60, P < 0.01; F = 38.86, df = 3, 60, P < 0.01, 
respectively). The one-way ANOVA for stages showed no differences among the stages when 
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treated insects were transferred to treated flour and treated insects were transferred to untreated 
flour (F = 2.14, df = 2, 15, P = 0.15; F = 1.68, df = 2, 15, P = 0.22, respectively). However, 
when insects and flour were exposed together and when untreated insects were transferred to 
treated flour, larvae were the least susceptible stage followed by pupae (F = 6.72, df = 2, 15, P < 
0.01; F = 10 df = 2, 15, P < 0.01, respectively). The eggs were the most susceptible of all the 
developmental stages (Table 2).  
Discussion  
Our results indicated that direct exposure to pyrethrin aerosol was effective on all 
developmental stages of T. castaneum and T. confusum. Similar results have been reported by 
Toews et al. (2010), who showed mortality generally greater than 80% on all developmental 
stages of T. castaneum exposed to pyrethrin aerosol. Also, our study shows reduced efficacy 
when various developmental stages were either treated together with flour or untreated insects 
was transferred to treated flour (indirect exposure to aerosol). Additionally, the moribund adults 
initially observed in indirect exposure treatments were able to recover as healthy adults over 
time, which is consistent with other reports showing greatly reduced efficacy of pyrethrin when 
adult flour beetles were provided with a food source after they were exposed (Arthur and 
Campbell 2008).   
These results emphasize on the importance of hygienic and sanitary measures in milling 
facilities in conjunction with insecticide applications, as the presence of food materials limits the 
exposure to insecticides, enables insects to remove insecticide particles from body surfaces, and 
provides nutritional support for recovery (Arthur 2000). In addition, cleaning procedures may 
influence insect movement through increased searching for food patches, which potentially 
31 
 
increases their chances of contacting the applied aerosols (Roesli et al. 2003). However, milling 
facilities have considerable structural complexity because of the different types of processing 
equipment, thereby generating continual spillage and food residues. Hence, populations could 
develop in hidden areas and there would be reduced exposure to the aerosol.  Our study shows a 
sharp increase in recovery of moribund adults after 5-d when these adults were indirectly 
exposed to pyrethrin, which may be due to little residual activity of synergized pyrethrin. This 
indicates that the moribund insects should be removed from the facilities shortly after aerosol 
treatment.  
Furthermore, we observed no differences between the two exposed Tribolium species to 
pyrethrin aerosol, which is differs from previous published studies using the same laboratory 
strains and exposure method.  Previous results reported greater susceptibility of T. castaneum 
compared to T. confusum for synergized pyrethrin (Arthur 2008) as well as the combination of 
pyrethrin and methoprene (Sutton et al. 2011). The discrepancy in the species susceptible 
observed in those studies may be due to several reasons. Arthur (2008) held the insects overnight 
in the facility after they were exposed to pyrethrin, and removed them the following day. In the 
current test, we removed the insects after 2 h. The longer holding time in the treated facility may 
have contributed for the increased susceptibility of T. castaneum. Similarly, Sutton et al. (2011) 
conducted tests by exposing larvae of both species on concrete dishes containing wheat flour that 
had been previously exposed to a combination of either 1% pyrethrin plus methoprene or 3% 
pyrethrin plus methoprene. Larvae were added to the treated flour, for 0-16 weeks post exposure, 
using different dishes each time. Less than 1.5 % of exposed larvae of T. castaneum developed to 
the adult stage at either pyrethrin formulations for all the residual exposures. However, adult 
emergence of T. confusum larvae generally increased as the weeks progressed, and was reduced 
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at the 3% pyrethrin rate compared to the 1% rate. Residual control is generally assumed to be 
through the IGR component when added to pyrethrin, but results of that study indicated some 
residual effect of pyrethrin or an additive effect between the two components that may have 
affected the relative susceptibility of the two species. Our study was conducted with the only 1% 
pyrethrin formulation.  
Additionally, our study showed larvae were more tolerant than the immobile stages pupae 
and eggs in T. confusum. Even though, the susceptibility of the stages was not significantly 
different in T. castaneum, there was a clear trend that the eggs were the most susceptible stage 
followed by the pupae. Furthermore, less number of affected individuals produced in adults 
compared to eggs and pupae and the recovery observed in adults also suggested that adults were 
less susceptible to some extent. Inconsistent to our finding, many previous studies have cited 
eggs and pupae as the most tolerant stages of stored product insects exposed to the fumigants 
phosphine (Rajendran 1992; Pike 1994; Bell 2000), carbonyl sulfide (Zettler et al. 1997; Zettler 
and Arthur 2000), sulfuryl fluoride (Bell and Savvidou 1999; Tsai et al. 2011), and propylene 
oxide (Isikber et al 2004). Greater tolerance of eggs and pupae to insecticides has often been 
attributed to less metabolic activities in those stages. In our study adults and larvae were more 
tolerant life stages, especially when they were indirectly exposed to aerosol (when treated with 
flour and when untreated insects were transferred to treated flour). It is plausible that during 
aerosol treatment, the adults and larvae burrowed into the flour (5 g flour available per dish), and 
reduced their exposure to the aerosol. We assumed the pyrethrin would have limited penetration 
into the flour. 
33 
 
In conclusion, results of this study show that synergized pyrethrin aerosol was only 
effective when all life stages of T. castaneum and T. confusum were directly exposed. The 
indirect exposure was much less effective, indicating that the presence of food material may have 
compromised aerosol efficacy. Integrating sanitation with aerosols could facilitate more direct 
exposure to aerosols by reducing available food material. This will increase the effectiveness of 
the aerosol treatment in the flour mills. In addition, good sanitation can reduce infestation by 
physically removing insects from the facilities as adults, and basically the immature stages of 
storage insects are commonly located inside the food patches (Campbell and Hagstrum 2002; 
Toews et al. 2010).   
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Table 1. Percent affected individuals (mean ± SE) produced after exposure of different life stages of T. castaneum and T. confusum to 
each exposure methods  
Exposure 
methods 
 Adults   Pupae   Larvae   Eggs  
T. 
castaneum 
T. confusum 
T. 
castaneum 
T. confusum 
T. 
castaneum 
T. confusum 
T. 
castaneum 
T. confusum 
Direct exposure           
TI+TF 100 a 100 a 100 a 100 a 100 a 99.2  0.8 a 100 a 100 a 
TI+UF 100 a 100 a 100 a 98.3  1.0 ab  97.4  1.7 a 96.6  2.4 ab 100 a 99.2  0.8 ab 
Indirect exposure         
TFI 85.6  7.3 a 91.9  4.3 a 80.0  8.2 b 88.3  4.4 bc 75.8  8.7 b 83.3  4.9 b 85.0  5.2 b  86.7  4.0 c 
UI+TF 56.9  12 b 75.0  10.8 b 80.0  7.5 b 78.3  9.8 c 75.0  10 b 69.2  11 c 94.2  5.8 a 91.7  3.1bc 
Controls         
UI+UF 2.5  1.7 c 0.8  0.8 c 6.6  2.8 c 4.1  1.5 d 5.0  1.8 c 1.7  1.0 d 28.3  2.5 c 21.7  3.6 d 
UFI 0.8  0.8 c 0.0 c 4.2  2.4 c 4.1  0.8 d 2.5  1.1 c 1.7  1.0 d 16.7  1.0 d 20.8  3.5 d 
For a given life stage, means among exposure methods within species with same letter are not significantly different (P ≥0.05, n = 6, 
Waller-Duncan k-ratio t-test) 
Treatments: TI+TF = insects treated with aerosol and added to treated flour; TI+UF = insects treated and added to untreated flour; TFI 
= insects and flour treated together; UI+TF = untreated insects added to treated flour; UI+UF = untreated insects added to untreated 
flour; UFI = insects and flour combined and untreated  
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Figure caption 
Fig. 1. Response of adult beetles exposed to different exposure method at different time 
intervals. A: T. castaneum at 5-d; B: T. castaneum at 15-d; C: T. confusum at 5-d; D: T. 
confusum at 15-d 
Exposure methods: TA+TF = adults treated with aerosol and added to treated flour; TA+UF = 
adults treated and added to untreated flour; TFA = adults and flour combined and both treated 
together; UA+TF = untreated adults added to treated flour  
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Figure caption 
Fig.2. Recovery of treated adults over time. A: T. castaneum; B. T. confusum 
Treatments: TI+TF = insects treated with aerosol and added to treated flour; TI+UF = insects 
treated and added to untreated flour; TFI = insects and flour treated together; UI+TF = untreated 
insects added to treated flour 
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Table 2. Percent mortality (mean ± SE) observed after exposure of immature stages of T. 
castaneum and T. confusum to synergized pyrethrin aerosol 
Exposure 
methods 
Eggs Pupae Larvae 
Mortality
a
 ± SE 
 T. castaneum 
TF + TI  100 a 100 a 95.4  4.6 a 
TI + UF 100 a 100 a 90.3  5.7 a 
TFI 73.1  10.9 a 71.8  8.9 a 65.2  10.33 a 
UI + TF 89.9  8.8 a 70.1  9.2 a 48.2  17.1 ab 
 
T. confusum 
TF + TI  100 a 100 a 93.9  4.2 a 
TI + UF 98.9  1.0 a 93.0  3.7 a 88.7  5.7 a 
TFI 78.6  4.3 a 66.8  12.2 a 29.2  11.4 b 
UI + TF 86.5  6.3 a 54.2  12.3 b 22.6  10.6 c 
a 
Corrected mortality mean (Abbott 1925) 
Means among stages within treatment with same letter are not significantly different (P ≥ 0.05, n 
= 6, Waller-Duncan k-ratio t-test 
Exposure methods: TI+TF = insects treated with aerosol and added to treated flour; TI+UF = 
insects treated and added to untreated flour; TFI = insects and flour combined and both treated 
together; UI+TF = untreated insect added to treated flour  
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Chapter 2 - Susceptibility of different life stages of Tribolium 
confusum to pyrethrin aerosol: effects of flour source on insecticidal 
efficacy  
Abstract 
Many previous studies have shown that accumulated dust and food residues in flour mills 
can potentially decrease the efficacy of contact insecticides used for control of adult and 
immature stages of stored product insects. A study was conducted to evaluate the effects of flour 
residues on the efficacy of synergized pyrethrin aerosol against different life stages of the 
confused flour beetle, Tribolium confusum Jacquelin du Val. Twenty individual adults, pupae, or 
larvae of T. confusum were exposed separately inside an empty shed to an aerosol spray in Petri 
dishes containing 0, 0.1, 1, 5 or 10 g of wheat flour. After 2 h of exposure, the dishes were 
removed from the shed and placed in an incubator set at 27 °C. Mortality of T. confusum adults 
decreased with increasing depth of flour. Also, recovery of moribund adults at 15-d exposure 
was greater in the 5 and 10 g flour dishes (15 and 46% respectively) compared to the 0, 0.1, or 1 
g flour dishes (0, 0.7, and 5% respectively). Similarly, larvae and pupae were less affected when 
exposed in the deeper flour dishes. Results show accumulated flour residues during aerosol 
application can compromise the effectiveness of treatments. Reduced efficacy in the deeper flour 
levels also suggests lower penetration ability of pyrethrin aerosols. Results also emphasize the 
importance of sanitation and cleaning to remove spillage and extraneous material prior to aerosol 
application.  
Keywords: Synergized pyrethrin aerosol, flour mill, Tribolium confusum, sanitation 
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Introduction 
Bagged and processed commodities stored inside flour mills are at risk of infestation by 
stored product insects. However, finished or processed commodities usually have no or low 
tolerance for insect damage, especially when products are being directly transferred to 
consumers (Campbell and Arbogast 2004; Beckett et al. 2007). Many commercial milling 
facilities, therefore, design and implement calendar-based pest control measures to limit insect 
infestations and meet marketing standards. Synergized pyrethrin aerosol can be an important 
component of pest management programs. It is generally safer to workers and bystanders 
compared to fumigants, and is safe to use in food premises (Keane 1998; Arthur 2010; Sutton et 
al. 2011). Additionally, pyrethrin is effective against a variety of storage pests (Bernhard and 
Bennett 1981). The minimum re-entry period after pyrethrin aerosol treatments in a facility can 
range from 30 min to 2 h, depending on the formulation. This is very short shut-down period 
compared to the time required for fumigants, which makes aerosol treatment economically 
appealing to the commercial milling facilities. Aerosols are dispensed as particle sizes ranging 
from 5-50 microns (Peckman and Arthur 2005) and deposited as liquid droplets, and hence they 
may primarily affect insects that are directly exposed to the aerosol spray (Bernhard and Bennett 
1981; Campbell et al. 2004). 
In milling facilities, flour dust and spillage can be generated during various milling 
operations; nevertheless, the degree of accumulation may vary within a facility. Dense residues 
may accumulate underneath and adjacent to milling equipment, and in other less disturbed areas 
such as cracks, crevices, and corners. The accumulated food residues provide excellent 
harborage and breeding sites to storage insects and can be source of continuous infestations. The 
45 
 
confused flour beetle, Tribolium confusum Jacquelin du Val, is one of the most common species 
infesting flour mills (Trematerra and Sciarretta 2004; Trematerra et al. 2007). This species and 
the related Tribolium castaneum (Herbst), the red flour beetle, generally oviposits in flour 
residues and complete development can occur within refugia (Stanley and Grundmann 1965; 
Sokoloff 1972; Toews et al. 2010). In addition, when a pest control measure is being applied, the 
food residue may serve as barrier and limit direct exposure of T. confusum to insecticides 
particles, thereby reducing the effectiviness of the control measure.  
Toews et al. (2010) exposed T. castaneum to pyrethrin aerosol in Petri dishes that 
contained 2 g of flour. They reported that mortality never exceeded 60% in any of the exposed 
developmental stages (eggs, 3
rd
 instars larvae, pupae or adults) of the beetle. Similarly, Arthur 
and Campbell (2008), exposed T. confusum adults to a CO2 based pyrethrin aerosol in Petri 
dishes containing 0-2 g of flour and reported increased recovery of adults in the presence of 
food. These studies show how flour dust and spillages can potentially reduce the effectiveness of 
pyrethrin aerosols. Integrating sanitation with aerosol could help to exploit their pest control 
potential. However, there are very few documented scientific studies on the integration of 
synergized pyrethrin aerosol with sanitation. Hence, the objectives of this study were to 
determine: 1) effects of different degrees of flour accumulation on the efficacy of synergized 
pyrethrin aerosol applied to developmental stages of T. confusum; and 2) the influence of 
accumulated flour on adult recovery after exposure to the aerosol.  
Materials and Methods 
This study was conducted in four experimental sheds at USDA-ARS Center for Grain 
and Animal Health Research (CGAHR) in Manhattan, KS. The sheds measured 6, 2.9and 2.6 m 
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in length, width, and height, respectively. The temperature and relative humidity (RH) in each 
shed was maintained by a heating and cooling unit set at 27 °C and 70%, respectively, and were 
monitored with HOBO data loggers (Onset Computer Corporation, Bourne, MA, USA). Life 
stages of the test species were obtained from colonies maintained at CGAHR and reared on a diet 
of wheat flour supplemented with 5% brewer’s yeast inside incubators set at 27 °C and 70% RH. 
The life stages used in the study were 4-week old larvae, 5-week old pupae, and 1-week-old 
adults. The insecticide used was Entech Fog 10 (EPA Reg. No. 40391-10) which consists of 
1.0% pyrethrin, 2.0% piperonyl butoxide (PBO) (technical), 3.33% N-octyl bicycloheptane 
dicarboximide, and 93.67% other ingredients (Entech Systems, Kenner, LA, USA).  
Two of the sheds were used as the untreated control and two sheds for exposure to the 
insecticide. Inside each shed, a 0.70 m x 0.52 m area was marked with a measuring tape. This 
grid was about 1.2 m from the end wall and 1.1 m from the side walls, and was divided into 5 
equal columns and 3 rows. Glass Petri dishes (90 mm diameter) were prepared with 0, 0.1, 1, 5 
or 10 g of wheat flour to simulate different levels of sanitation or food accumulation in a flour 
mill. Approximately 2 h before the aerosol application, 20 insects of each life stage of T. 
confusum were added to separate Petri dishes for each of the flour accumulations. A total of 15 
dishes were exposed per shed (5 flour levels with 3 life stages). The dishes were placed 
randomly in a 5 x 3 layout. A line was marked for the aerosol spray position at approximately 1.5 
m from the door and 2.8 m from the grid where the dishes were set.  
The required volume of insecticide per shed (47 mL) was calculated based on the label of 
Entech Fog 10 (1.04 mL/m
3
). The insecticide was delivered using a hand-held aerosol applicator 
(Fogmaster jr 5330, Fogmaster Corporation, Deerfield Beach, FL, USA) with a delivery capacity 
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of about 27 g/min. Since 1 mL of Entech Fog 10 weighs 0.76 g, a total of 20.8 mL Entech Fog 
10 could be delivered per min. Hence, total time required to deliver 47 mL of insecticide was 2 
min and 16 sec. The aerosol was applied by standing at the aerosol spray position described 
above and holding the Fogmaster at about 3 m above the floor and pivoting the unit slowly from 
side to side. The insects were held in the sheds for 2 h post aerosol application, and then 
removed. About 1 g of flour was added to each dish, and although, the new flour levels were 1, 
1.1, 2, 6, and 11 g, they will be referred to by their original levels during exposure (0, 0.1, 1, 5, 
and 10 g) to avoid confusion. After the flour was added, the dishes were placed in an incubator 
set at 27 °C and 70% RH. This entire process was repeated four times at weekly intervals.  
For each replicate, adults were assessed at 2, 5, 8, and 15-d post-exposure and classified 
as live, moribund (on their backs but still moving) and dead (not responding when probed or 
prodded). Untreated controls were classified in the same manner. To observe the effects of 
different treatments on adults, the dead and moribund individuals were totaled (affected adults). 
Exposed pupae and larvae were held in the incubator for 21 and 28-d respectively, to assess adult 
emergence from the exposed immatures. 
Statistical analyses were conducted using the General Linear Models (GLM) Procedure 
of the Statistical Analysis System (SAS 9.2 software, SAS Institute, Cary, NC, USA). The 
number of affected adults, adult emergence from immatures, and responses of adults with time in 
each treatment were assessed and converted to percentage values, and then and were transformed 
by arcsine square root to perform statistical analyses. However, the data presented in figures and 
text are all untransformed means (percentage values). Treatment means for percentage affected 
adults among different flour levels were separated using the Waller-Duncan k-ratio t-test. For 
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immatures, the mean adult emergence was compared between stages among flour levels. 
Differences among means were considered significant at α = 0.05 level.  
Results  
Mortality of untreated controls at 15-d after aerosol application was less than 2% for 
adult exposure, while the adult emergence for pupal and larval stages was at least 96% at 28 and 
21-d, respectively. Hence, no corrections or adjustments were necessary for treatment data and 
untreated controls were eliminated from the statistical analysis.  
The percentage of affected adult of T. confusum varied greatly among flour levels at the 
15-d post exposure assessment (F = 33.30, df = 4, 35, P < 0.01).  At least 95% affected adults 
were observed when adults were exposed with 0, 0.1, or 1 g of flour. Exposing beetles with 5 g 
and 10 g of flour reduced the affected adults to 85% and 53%, respectively (Fig. 1). Similarly, 
for the pupal and larval stage exposure, the percentage of normal adult emergence at 21 and 28-
d, respectively was significantly different among flour levels (F = 45.51, df = 4, 35, P < 0.01; F 
= 20.86, df = 4, 35, P < 0.01, respectively). In dishes with no flour or 0.1 or 1 g of flour, the 
percentage of adult emergence from exposed pupal and larval stages were less than 2% and 7%, 
respectively. Adult emergence from pupae and larvae exposed with 5 g of flour was 22% and 
15%, respectively, while adult emergence of pupae and larvae exposed with 10 g of flour 
increased to 45% and 52%, respectively (Fig. 2).  However, the two stages were not different in 
terms of susceptibility to the aerosol (F = 0.14, df = 1, 240, P = 0.72). Adults that were moribund 
after they were exposed recovered with time. At 2-d, at least 70% of the adults were moribund in 
the 1, 5, and 10 g flour dishes, and almost 80% of the adults in the 0 and 0.1 g flour dishes were 
dead. No mobile adults were observed in any of the treatment dishes at this observation. At 5-d, 
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there was sharp reduction in the percentage of moribund adults. They were either dead or were 
able to recover as normal adults. The process continued slowly until the last date assessment at 
15-d. More adults recovered in the dishes with 5 and 10 g of flour (15 and 10% respectively) 
compared to the dishes with 0, 0.1, or 1 g of flour 0.7, and 5% respectively (Fig. 3). 
Discussion  
Our results showed that pyrethrin aerosol produced quick effects because the exposed T. 
confusum adult were either dead or moribund when observed at 2-d post aerosol application. 
This immediate efficacy of synergized pyrethrin on adults of T. castaneum has been previously 
reported by Toews et al. (2010). After 5-d, the moribund adults began to recover. One possible 
explanation for the reduced efficacy of pyrethrin aerosol in the deeper flour dishes is that the 
flour could have limited direct exposure to aerosol during the application. Similar results have 
been reported by Arthur (2000) with the contact insecticide cyfluthrin, in which adults of T. 
castaneum were exposed on concrete covered with flour and treated with cyfluthrin. Adult 
recovery was higher in the concrete that had greater area coverage with flour, indicating possible 
absorption of the insecticide particles, leading to reduced efficacy. In a separate study, Arthur 
(2000) exposed T. castaneum adults for 2 h on concrete treated with cyfluthrin, then transferred 
the adults to Petri dishes containing either 1 g of flour, pine sawdust, or wheat kernels. Survival 
was greater in Petri dishes containing flour or sawdust than in dishes with wheat kernels, 
indicating that flour or extraneous dust may also enable insects to physically remove insecticides 
particles from their body.  
Conversely, the overtime recovery of adult T. confusum in treated flour indicates little 
residual activity of pyrethrin aerosol. The pyrethrin formulation that we used for this study 
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consisted of 1% pyrethrin and 2% PBO, and this formulation did not increase residual activity of 
pyrethrin as opposed to results obtained by previous researchers (Casida 1980; Keane 1998; Cox 
2002). The 1:2 ratio of pyrethrin and PBO may not have been sufficient enough to increase 
potency of the pyrethrin. McDonald (1968) treated adults of T. confusum, adults of Lasioderma 
serricorne L., the cigarette beetle, and larvae of Attagenus megatoma  F., the black carpet beetle, 
by topical application of  ratios of pyrethrin plus PBO. The result showed that a 1:10  ratio was 
significantly more potent than the lower ratios.  
In addition, larvae and pupae exposed with 5 and 10 g flour were better able to emerge as 
normal adults than larvae and pupae exposed with 1 g flour, while larvae exposed with 0 and 0.1 
g flour did not emerge as adults. These results are consistent with those of Wijayaratne et al. 
(2012), in which larvae of T. castaneum were exposed to methoprene on unsealed concrete and 
on varnished wood. The efficacy of methoprene was reduced due to the presence of flour on 
concrete but not on varnished wood. According to Wijayaratne et al. (2012), methoprene was 
absorbed by the flour on the varnished wood, while in concrete, methoprene was absorbed by 
flour and also lost due to degradation. Therefore, the larvae on varnished wood ingested 
methoprene from flour and were affected in the same way as the larvae in varnished wood 
without flour. Although pyrethrin and methoprene have different modes of action, these results 
suggest that flour could absorb insecticides and influence its efficacy against immature stages in 
a similar manner as has been reported for adults.    
In conclusion, pyrethrin aerosol gave good control against adult and immature stages of 
T. confusum when exposed without flour or with a low amount of flour, but as the level of flour 
increased, the aerosol was less effective. Therefore, the presence of flour could reduce the 
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efficacy of pyrethrin aerosol by limiting insects’ exposure and providing nutrition to treated 
insects. Also, the reduced efficacy in deeper flour levels may be due to lower penetration ability 
of pyrethrin aerosols. Hence, this study emphasizes the importance of thorough cleaning of a 
facility prior to aerosol application. Attention should be given to the area where maximum 
accumulation of flour and dusts can occur such as cracks and crevices, dead spaces on floors, and 
underneath the machinery. In addition, precise targeting of insecticides based on diligent 
monitoring of populations rather than calendar-based spray schedules could lead to more 
effective pest management.  
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Figure caption  
Fig.1. Percent affected adult of T. confusum observed in the Petri dishes with different flour 
levels at 15-d after aerosol application.  
Mortality among flour levels within stage with the same letter not significantly different (P ≥ 
0.05, n = 8, Waller-Duncan k-ratio t-test). 
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Figure caption 
Fig.2. Percent live normal adult of T. confusum observed after exposure of larvae and pupae in 
the Petri dish with different flour levels.  Adult emergence for pupae and larvae stages exposed 
was observed at 21 and 28-d, respectively, after aerosol application.  Adult emergence among 
flour levels within stage with the same letter are not significantly different (P ≥ 0.05, n = 8, 
Waller-Duncan k-ratio t-test).  
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Figure caption  
Fig. 3. Percent response of adult T. confusum in each flour levels at different exposure intervals: 
2, 5, 8 and 15-d after aerosol application 
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Chapter 3 - Influence of seasonal temperature variations and 
barriers on the efficacy of pyrethrin aerosol in the flour mills   
Abstract 
Flour mills in the United States are utilizing synergized pyrethrin aerosol for management 
of stored product insects. However, the dispersal of the aerosol within a facility may be 
hampered by barriers created from machinery and other equipment that block dispersal. 
Additionally, seasonal temperature variations may influence the dispersion and toxicity of 
synergized pyrethrin. A study was conducted to evaluate the influence of barriers and 
temperatures on the efficacy of synergized pyrethrin aerosol against adults and pupae of T. 
confusum. Insects were exposed  to aerosol inside experimental sheds maintained at target 
temperatures of 22, 27, and 32 °C. Wooden boxes 1 m in length, 20 cm in width, and 5, 10, or 20 
cm in height were used for creating different open and concealed areas for exposing insects. 
Results showed that exposing adults of T. confusum in the open produced > 76% mortality at all 
test temperatures, while mortality was significantly reduced underneath the boxes. Similarly, less 
than 2% of pupae exposed in the open areas emerged as adults, but as the distance increased 
from the front to the back of the box adult emergence increased. The recovery of moribund 
adults increased the as the distance of exposure position increased underneath the boxes. More 
aerosols dispersed under the box height of 20 cm compared to 5 and 10 cm. Results show 
pyrethrin aerosol can provide good control of T confusum and is less affected by seasonal 
temperature variations, but areas aerosol dispersion into obstructed or concealed areas may be 
limited inside flour mills. 
Keywords: Pyrethrin aerosols, Tribolium confusum, flour mills, barriers, seasonal temperatures  
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Introduction 
Methyl bromide (MB), an important fumigant of the food industry, was scheduled to be 
phased out within the United States (US) beginning in January 2005 as the result of an 
international environmental agreement, the Montreal Protocol (Fields and White 2002). 
Currently MB is being used under critical use exemptions (CUE). However, the amount 
approved for use is declining each year. In 2011, 2012, 2013, and 2014, the amount approved for 
use were 8.1, 4.0, 2.2, and 1.7% of 1991 baseline levels (25,500 metric tons), respectively 
(USEPA 2013). The phase out of MB has shifted the reliance for insect control in flour mills to 
alternative fumigants such as sulfuryl fluoride, cylinderized phosphine, or on heat treatments. 
However, heat treatment may not be suitable for many older facilities and can be cost-intensive, 
while fumigants require several facility shutdowns, and may cause potential negative impacts on 
equipment and structural components.  
In the recent years, synergized pyrethrin with piperonyl butoxide (PBO) is considered as 
a technically and economically feasible alternative to whole structure treatments. They can be 
used to target a portion of a facility, which makes them cost effective and desirable option for 
many commercial operations (Boina and Subramanyam 2012). However, in an active flour mill, 
the dispersal of the aerosol within a treated area may be impacted by barriers such as milling 
machinery, equipment and other accessories. Aerosol insecticides are deposited as liquid 
droplets, primarily in vertical downward directions, therefore, their horizontal movement 
underneath the concealed and obstructed areas and resulting particle deposition is reduced 
compared to more open areas (Boina and Subramanyam 2012). Bernhard and Bennett (1981) 
reported lower penetration of synergized pyrethrin aerosol in open and partly open cabinets, and 
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in closed area compared to completely exposed areas. Similarly, Toews et al. (2010) reported 
less than 75% mortality in all life stages of the red flour beetle, Tribolium castaneum in the Petri 
dishes exposed under wooden pallets as opposite to at least 80% mortality in open positions. 
Additionally, the ambient temperature inside a facility during aerosol application may 
influence insecticidal efficacy. Campbell et al. (2010) conducted a study in which they 
monitored temperature within a flour mill and a wheat processing facility. They reported average 
daily temperature of the facilities to be about 24 and 30 °C during cool and warm seasons, 
respectively. Although pyrethrin insecticide is known for its negative temperature coefficient, the 
addition of the synergist PBO increases its toxicity at higher temperatures (Blum and Kearns 
1956). Also, high temperature may facilitate diffusion of aerosols into hidden and obstructed 
areas. However, there is a lack of published data regarding the distribution and efficacy of PBO 
based pyrethrin at different temperatures. 
The confused flour beetle, Tribolium confusum Jacquelin du Val, is one of the important 
pests of  flour mills (Campbell and Runnion 2003; Arthur and Campbell 2008; Toews et al. 
2009). The constant availability of flour patches and the structural complexity created by 
different types of processing equipment makes the flour mills an excellent setting for their 
development (Cotton 1958). This beetle species has been reported to be more tolerant to 
pyrethrin than its close relative T castaneum (Arthur 2008). Also, T. castaneum can fly at 
temperature higher than 30 °C whereas T. confusum do not fly (Rees 2004). Therefore, T. 
confusum can be a model species for the study of temperature effects on aerosol efficacy inside a 
closed environmental setting. Thus, this study was conducted to: 1) evaluate the efficacy of 
pyrethrin arososol at three different temperatures: 22, 27 and 32 °C against T. confusum adults 
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and pupae (the most tolerant and active stage vs. susceptible and immobile life stage of T. 
confusum) and 2) dispersion of aerosol insecticide at different open and obstructed positions.  
Materials and Methods 
This study was conducted in six experimental sheds at the USDA-ARS Center for Grain 
and Animal Health Research (CGAHR), Manhattan, KS, during August to October 2012. The 
experimental sheds were 6 m long, 2.9 m wide and 2.6 m high. The target temperatures for the 
study were 22, 27, or 32 °C and each temperature was maintained in an aerosol treatment shed 
and a control shed. Electrical heaters were used to obtain the required temperatures and the 
temperatures were monitored with HOBO data loggers (Onset Computer Corporation, Bourne, 
MA). Colonies T. confusum were obtained from CGAHR, and reared on a diet of wheat flour 
supplemented with 5% brewer’s yeast at 27 °C, 70% RH. 5-weeks old pupae and mixed aged 
adults were used for the study. The formulation of synergized pyrethrin insecticide used in this 
test was Entech Fog 10 (EPA Reg. No. 40391-10). It was comprised of 1.0% pyrethrins, 2.0% 
piperonyl butoxide (PBO) (technical), 3.33% N-octyl bicycloheptane dicarboximide, and 93.67% 
other ingredients (Entech Systems Corporation, Kenner, LA). One of the sheds under each 
temperature category was used as the untreated control and other for exposure to the aerosol. 
Inside each shed three 1 m x 0.20 m areas were marked on the floor at a distance of 0.30 
m from one another. These areas were about 0.60 m from the end wall and 0.85 m from the side 
walls. Three wooden boxes 1 m in length, 20 cm width, and 5, 10, or 20 cm height were placed 
randomly in each of the three marked areas. The boxes had only one opening at the front. A line 
(P1 = open position) was marked outside each box, along with four lines (P2, P3, P4, P5 = 
concealed position) inside the boxes at about 7.6, 35.5, 63.5, and 91.4 cm, respectively, from the 
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open end. Exposure arenas were prepared using Petri dishes (62 cm
2
 in area), with 1 g of wheat 
flour. Each dish was placed at the positions described above, and contained either 20 adults or 10 
pupae of T. confusum (Fig. 1). A total of 30 Petri dishes containing T confusum adults or pupae 
were exposed per shed (2 life stages x 5 exposure positions x 3 boxes heights = 30). At about 2.8 
m from the open exposure positions, a line was marked as the aerosol spray position.  
The required volume of insecticide per shed (47 mL) was calculated on the basis of 
labeled rate of Entech Fog 10 (1.04 mL/m
3
). The insecticide was delivered using a hand-held 
aerosol applicator, Fogmaster jr 5330 (The Fogmaster Corporation, Deerfield Beach, FL) with 
delivery capacity of 27 g/min.  Since 1 mL of Entech Fog 10 weighs 0.76 g, a total of 20.8 mL 
Entech Fog 10 could be delivered per min. Hence, total time required to deliver 47 mL of 
insecticide was 2 min and 16 sec. The aerosol was applied by a person standing at the aerosol 
spray position and holding the Fogmaster spray unit at about 3 m above the floor and pivoting 
the unit slowly from side to side. Three sprays were done for each replication. For example, 22 
°C shed was sprayed in morning, 27 °C in noon, and 32 °C in afternoon. The insects were held in 
both treated and control sheds for 2 h post aerosol spray then removed from the sheds and placed 
in an incubator set at 27 °C and 70% RH. This entire process was repeated six times at weekly 
intervals.  
For each replicate, adults were examined at 2, 8, and 15-d after exposure to the aerosols, 
and classified as follows: live, moribund (intermediate state), and dead adults. Untreated controls 
were classified in the same manner. Exposed pupae were held in the incubator for 21-d, to assess 
the number that could successfully emerge as adults. Statistical analyses were conducted with the 
General Linear Models (GLM) Procedure of the Statistical Analysis System (SAS 9.2 software, 
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SAS Institute, Cary, NC). The number of responses, in each temperature and positions were 
converted to percentage values and were transformed by arcsine square root to perform statistical 
analyses. The data presented in figures and text are the untransformed values. To observe the 
response of adults over time for adult stage exposure, treatment means for percentage response 
among different exposure position within each observation day were separated using the Waller-
Duncan k-ratio t-test in SAS (P < 0.05). Mean adult emergence of exposed pupae was compared 
between different positions within temperature. Differences among means were considered 
significant at P < 0.05.  
Results 
Percent adult mortality at 15-d post exposure was significantly different among exposure 
position for all the box heights at 22, 27, and 32 °C (F = 303.99, df = 4, 225, P < 0.01). Adult 
mortality was generally >76% when exposed at the open positions at all three temperatures, 
while mortality was significantly reduced at the exposure positions inside the boxes. At position 
P2 inside the box height 5, 10, and 20 cm, mortality was generally <36, <29, and <23% at 22, 27, 
and 32 °C, respectively. Mortality at positions P3, P4, and P5 was different under the box heights 
of 5 and 10 cm, while under box height 20 cm, mortality at position P3 was greater compared to 
positions P4 and P5. Although the main effects of temperatures and box height were not 
statistically significant (F = 2.95, df = 2, 225, P = 0.054; F = 2.04, df = 2, 225, P = 0.13, 
respectively), we found a clear trend indicating that lower temperature and greater box height 
produces higher mortality (Fig. 2, A-C). 
Adult emergence from exposed pupae was significantly different for exposure positions 
P1, P2, P3, P4, P5 and box heights, 5, 10, 20 cm (F = 460.18, df = 4, 225, P < 0.01; F = 20.11, df 
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= 2, 225, P < 0.01, respectively). There was virtually 100% suppression of adult emergence from 
pupae exposed in open positions at 22 and 27 °C and about 2 % adult emergence at 32 °C. 
Exposing pupae at P2 position under box heights 5, 10, 20 cm produced at least 13%, 14%, and 
18% survival at 22, 27, and 32 °C, respectively. Adult emergence of pupae exposed at P3, P4, 
and P5 under box heights 5 and Positions 5 and 10 cm was at least 86%, while for box height 20 
cm, adult emergence at positions P3, P4, and P5 was <76%, >81%, and>91%, respectively 
(Table 4). Similarly, box height was significant for only positions P3 and P4 at 22 °C (F = 8.74, 
df = 2, 15, P < 0.05; F = 3.63, df = 2, 15, P = 0.05, respectively), and position P4 at 32 °C (F = 
7.40, df = 2, 15, P = 0.05). At those positions, adult emergence was lower at the 20 cm box 
height compared to the 5 and 10 cm box heights, indicating some increased dispersion as the box 
opening increased. Adult emergence was not significant at the different temperatures (F = 1.62, 
df = 2, 225, P = 0.20).  
To calculate the adult recovery over time, percent response was analyzed for each 
exposure position for each box height and for all temperatures at the different observation 
periods. The box height and temperatures were not significant, while exposure position was 
always significant (Table 1, 2, 3). Therefore, data for temperature and box height at each 
observation date were combined for further analysis.    
The percentage of moribund adults at each exposure positions was significantly different 
at 2, 8, and 15-d (F = 75.55, df = 4, 265, P < 0.01; F = 62.23, df = 4, 265, P < 0.01; F = 51.60, df 
= 4, 265, P < 0.01, respectively). Generally, there were more moribund adults at positions P1 and 
P2 than at positions P3, P4 and P5. Also, the number of moribund adults at each position 
declined with time (Fig. 3, A-C). The number of dead adults at each position was significantly 
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different at 2, 8, and 15-d (F = 121.85, df = 4, 265, P < 0.01; F = 170.83, df = 4, 265, P < 0.01; F 
= 282.35, df = 4, 265, P < 0.01, respectively). More dead adults were found in the open position 
compared to the concealed positions under the boxes, and the percentage of dead adults declined 
as the distance underneath the box increased from the open end. Also, the number of dead adults 
in each position increased over the observation periods (Fig. 3, D-F). Similarly, the percentage of 
live adults produced among each exposure positions were significantly different at 2, 8, and 15-d 
(F = 121.85, df = 4, 265, P < 0.01; F = 170.83, df = 4, 265, P < 0.01; F = 282.35, df = 4, 265, P 
< 0.01, respectively). No live adults were observed at the open positions, while the number of 
live adults increased in the concealed position with the increasing distance from the open end. 
Also, the percentage of live adults increased over time in all concealed positions (Fig. 3, G-I). 
Discussion  
Our results indicated that when adults of T. confusum were exposed to pyrethrin aerosol 
in an open area without any obstructions, mortality was generally >76% at all three test 
temperatures of 22, 27, and 32 °C. This is consistent with results reported by Arthur (2008) and 
Arthur and Campbell (2008) in which mortality of T. confusum adults was > 80%. Similarly, 
none of the pupae exposed in the open positions at 22 and 27 °C emerged as adults, while at 32 
°C adult emergence was < 2%. In our study, we exposed T. confusum in Petri dishes containing 1 
g of wheat flour to provide food during and after exposure, but many studies have documented 
reduced efficacy of applied insecticides in the presence of food (Arthur 2000, 2008; Arthur and 
Campbell 2008; Toews et al. 2010). Food or extraneous material may limit exposure during 
aerosol application, enable insects to physically remove insecticides particles from their body, 
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and provide nutritional support for recovery (Arthur 2000). We presume that adult mortality 
would have been higher if they were exposed without flour. 
Additionally, adult mortality was reduced significantly when they were exposed 
underneath the boxes. Some effects were seen at position P2 which was located at a distance of 
7.5 cm from open end of boxes, but mortality decreased with increased distance inside the box. 
Also, the pupae exposed underneath the boxes were able to emerge as adults. This is consistent 
with recent results reported by Toews et al. (2010), in which eggs, larvae, pupae and adults of T. 
castaneum were exposed to pyrethrin aerosol. Mortality was reduced in the dishes positioned 
under pallets compared to those exposed in the open areas. This could indicate that aerosol 
particles were not distributed horizontally underneath the obstructions, as stated by previous 
researchers (Bernhard and Bennett 1981; Toews et al, 2010). However, these results seems to 
contradict with results reported by Arthur (2008) and Jenson et al. (2010) who documented good 
dispersal of aerosol particles within a field site and inside experimental sheds of similar 
construction to those used in our study. Several factors may determine the dispersion and 
efficacy of aerosols such as types of obstacles, insecticide formulations, insect species and life 
stages. For example, Arthur (2008) showed no differences in adult mortality of T. confusum 
exposed at open and obstructed positions, but there were differences in total survival and number 
of adults that were knocked down from exposure but not dead. Also, Arthur (2008) exposed 
insects at the center of the exposure room and near the side walls instead of underneath pallets. 
Jenson et al. (2010) created obstacles to aerosol by placing eggs of Indian meal moth, Plodia 
interpunctella (Hübner), underneath equipment in the mill that was raised up off the floor.  The 
formulations of aerosol used in their study were: 1% pyrethrin plus methoprene, 3% pyrethrins, 
and 3% pyrethrin plus methoprene. They demonstrated no difference in adult emergence from 
69 
 
eggs exposed at open and obstructed positions. In our study with the different box heights, the 
available space through which aerosol particles had to disperse might have influenced the results. 
Our study indicated some differences due to temperatures in live, moribund, and dead adults 
after 2 and 8-d post exposure but not at the final assessment at 15-d. Also, temperature did not 
affect adult emergence from exposed pupae. This was contradictory to our assumption that 
increased temperature facilities dispersal of aerosol and increases the toxicity of synergized 
pyrethrin (Blum and Kearns 1956). Hence, it appears that seasonal temperature variation may not 
affect overall efficacy of the pyrethrin aerosol. Additionally, our study showed increased adult 
recovery from at the concealed positions under the boxes. This result is consistent with the 
previous study in which Arthur and Campbell (2008) showed greater recovery in T. confusum 
with increased distance from the aerosol application position.  
In conclusion, pyrethrin aerosol can provide good control of T. confusum, but dispersal of 
the aerosol may be limited underneath pallets and milling equipment. However, our study was 
conducted with a hand-held spray applicator, and results with commercial systems may be 
different due to the increased dispersal capacity. Therefore, aerosols can be used for precise 
targeting of storage insects in addition to whole structure treatments. Also, temperatures in the 
range of 22-32 °C had no significant difference on aerosol efficacy, which increases their 
capacity to be used throughout most of the year in temperate locations.  
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Table 1. Analysis of variance for effects on percent survival of T confusum adults exposed to 
aerosol at open and obstructed positions under different height boxes at three temperatures 
levels.    
Factors Num DF Den DF F value P value 
Day 2     
Temperatures: 22, 27, 32 °C 2 225 8.60 <0.01 
Box height: 5, 10, 20 cm 2 225 48.95 <0.01 
Positions 4 225 205.04 <0.01 
Day 8     
Temperatures: 22, 27, 32 °C 2 225 2.42 <0.05 
Box height: 5, 10, 20 cm 2 225 22.39 <0.01 
Positions 4 225 214.40 <0.01 
Day 15     
Temperatures: 22, 27, 32 °C 2 225 1.37 0.25 
Box height: 5, 10, 20 cm 2 225 17.40 <0.01 
Positions 4 225 342.52 <0.01 
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Table 2. Analysis of variance for effects on percent moribund adults of T confusum exposed to 
aerosol at open and obstructed positions under different height boxes at three temperatures levels 
Factors Num DF Den DF F value P value 
Day 2     
Temperatures: 22, 27, 32 °C 2 225 4.26 <0.05 
Box height: 5, 10, 20 cm 2 225 38.15 <0.01 
Positions 4 225 115.98 <0.01 
Day 8     
Temperatures: 22, 27, 32 °C 2 225 0 0.99 
Box height: 5, 10, 20 cm 2 225 16.93 <0.01 
Positions 4 225 74.18 <0.01 
Day 15     
Temperatures: 22, 27, 32 °C 2 225 0.27 0.76 
Box height: 5, 10, 20 cm 2 225 13.52 <0.01 
Positions 4 225 58.27 <0.01 
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Table 3. Analysis of variance statistical effects on percent dead adults of T confusum exposed to 
aerosol at open and obstructed positions under different height boxes at three temperatures levels  
Factors Num DF Den DF F value P value 
Day 2     
Temperatures: 22, 27, 32 °C 2 225 4.03 <0.05 
Box heights: 5, 10, 20 cm 2 225 0.12 0.89 
Positions 4 225 53.39 <0.01 
Day 8     
Temperatures: 22, 27, 32 °C 2 225 7.37 <0.01 
Box height: 5, 10, 20 cm 2 225 0.29 0.749 
Positions 4 225 105.29 <0.01 
Day 15     
Temperatures: 22, 27, 32 °C 2 225 2.95 0.054 
Box height: 5, 10, 20 cm 2 225 2.04 0.132 
Positions 4 225 303.99 <0.01 
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Table 4. Percent live adults (mean ± SE) produced from pupae exposed at different exposure 
position in and outside of different height box at different temperatures 
 
Exposure 
positions 
H1 H2 H3 
22 °C P1 0   D 0   C 0   D 
 P2 27.1  ± 11.3   Ca 23.5 ± 10.5   Ba 13.3 ± 5.6   Ca 
 P3 88.3 ± 4.8   Ba 86.7 ± 4.2   Aa 48.5 ± 10.3   Bb 
 P4 98.3 ± 1.7   Aa 93.3 ± 4.2   Aab 81.7 ± 7.5   Ab 
 P5 95.0 ± 3.4   ABa 96.8 ± 2.1   Aa 91.7 ± 5.4   Aa 
27 °C P1 0   Ca 0   Ca 0   Da 
 P2 36.7 ± 11.7   Ba 26.7 ± 9.9Ba 14.8 ± 4.3 Ca 
 P3 87.1 ± 4.6   Aa 90.0 ± 6.3Aa 71.7 ± 7.9 Ba 
 P4 93.3 ± 2.1   Aa 96.7 ± 2.1Aa 88.3 ± 4.8 Aa 
 P5 95.0 ± 3.4   Aa 96.7 ± 3.3Aa 93.3 ± 3.3 Aa 
32 °C P1 1.7 ± 1.7   Ca 0   Ca 0   Da 
 P2 37. 2 ± 8.3   Ba 30.0 ± 11.0   Ba 18.3 ± 9.1   Ca 
 P3 90. 0 ± 4.5   Aa 88.3 ± 5.4   Aa 76.7 ± 3.3   Ba 
 P4 95. 0 ± 3.4   Aa 98.3 ± 1.7   Aa 86.7 ± 2.1   ABb 
 P5 96.7 ± 2.1   Aa 98.3 ± 1.7   Aa 91.7 ± 4.0   Aa 
 
 
 
 
Means within rows (upper case) or between columns (lower case) followed by the same 
letters are not significantly different (P ≥ 0.05, Waller-Duncan k ratio t- test). 
P1 = open position; P2, P3, P4, P5 = concealed position: 7.6, 35.5, 63.5, and 91.4 cm, 
respectively from the open end of the box 
Box heights: H1 = 5cm, H2 = 10cm, H3 = 20 cm 
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Figure captions  
Fig. 1. Exposure of T confusum adults and pupae held in Petri dishes at open and concealed 
positions in and outside of the box (open position = P1, concealed positions = P2, P3, P4, and 
P5). The exposure boxes used in the test were 1 m long, 20 cm wide with heights 5, 10 and 20 
cm 
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Figure captions 
Fig. 2. Percent mortality of adult T. confusum after 15-d post exposure to aerosol at different 
exposure position in and outside of different height boxes at different temperature; A: 22 ⁰C, B: 
27 ⁰C, and C: 32 ⁰C 
P1 = open position; P2, P3, P4, P5 = concealed position: 7.6, 35.5, 63.5, and 91.4 cm, 
respectively from the open end of the box 
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Figure caption 
Fig. 3. Percent response of adult T. confusum among different exposure positions, P1, P2, P3, 
P4, and P5, at 2, 8 and 15-d after aerosol application; A-C. Percent moribund; D-F. Percent dead 
adults; G-I. Percent live adults  
Where, P1 = open position; P2, P3, P4, P5 = concealed position: 7.6, 35.5, 63.5, and 91.4 cm, 
respectively from the open end of the box 
Means among positions within observation day with same letter are not significantly different (P 
≥0.05, n = 6, Waller-Duncan k-ratio t-test) 
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Summary 
The complex structural setting of flour mills and the constant availability of whole grains 
and milled products provide excellent feeding and oviposition sites for stored product insects. 
Tribolium castaneum (Herbst) and Tribolium confusum Jacquelin du Val, are two most important 
pests in the United States. They can cause economic loss by feeding and also through 
contamination of finished products. Flour mills have historically depended on whole structure 
treatments, such as fumigants and some use of heat, for managing insect pests. However, whole 
structure treatment methods pose many technical and economical challenges to a commercial 
operation, including cost, safety considerations, and shut-down time associated with the 
treatment. Pyrethrin insecticides formulated with the synergist PBO is a more targeted pest 
control method that can be a potential alternative to whole structure treatments. This study was 
conducted to assess the efficacy of synergized pyrethrin aerosol against T. castaneum and T. 
confusum under the environmental conditions encountered in a typical flour milling facility.  
In the studies presented in Chapter 1, we evaluated the efficacy of synergized pyrethrin 
aerosol at different direct and indirect exposure conditions, compared the susceptibility between 
T. castaneum and T. confusum; and compared the susceptibility of different life stages of the two 
beetle species. Two day-old eggs, late-stage larvae, pupae, and one-week-old adults of each of 
the two species were used for the test. Our results indicated that direct exposure to pyrethrin 
aerosol was effective on all developmental stages of the two species, whereas efficacy was 
significantly reduced when various developmental stages were either treated together with flour 
or untreated insects were transferred to treated flour. Additionally, the moribund adults initially 
observed in indirect exposure treatments were able to recover with time. In addition, this study 
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indicated that larvae and adults (mobile and feeding stages) were more tolerant to pyrethrin 
aerosol than pupae and eggs (immobile and non-feeding stages).  
In the studies described in Chapter 2, we evaluated effects of different degrees of flour 
accumulation on the efficacy of synergized pyrethrin aerosol applied on developmental stages of 
T. confusum. The life stages used in this experiment were 4-week-old larvae, pupae, and 1-week-
old adults. Insects were exposed inside the experimental sheds in glass Petri dishes (90 mm 
diameter) containing 0, 0.1, 1, 5 or 10 g of wheat flour to simulate different levels of sanitation 
or food accumulation in a flour mill. Our results indicated that pyrethrin aerosol gave good 
control against adult and immature stages of T. confusum when exposed without flour or with a 
low amount of flour, but as the level of flour increased, the aerosol was less effective. Also, 
recovery of moribund adults increased as the amount of flour increased in the Petri dishes.  
In the studies described in Chapter 3, we evaluated the efficacy of pyrethrin aerosol on 
adults and pupae of T. confusum positioned at open and obstructed areas inside experimental 
sheds maintained at target temperatures of 22, 27 and 32 °C. Our results indicated that exposing 
adults of T. confusum and pupae at open areas resulted in greater efficacy compared to conceal 
areas at all test temperatures. However, temperature had no significant effect on efficacy of 
pyrethrin aerosol toward adult mortality. Recovery from knockdown increased as the distance of 
exposure location increased underneath the boxes.  
In conclusion, pyrethrin aerosol can provide good control of Tribolium spp, and is not 
affected by seasonal temperature variations, thus, could be used throughout most of the year. 
Nevertheless, the aerosol may not provide control in more concealed areas such as inside flour 
residues, underneath pallets, and open spaces between milling equipment. These results 
emphasize the importance of hygienic and sanitary measures in milling facilities in conjunction 
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with insecticide applications. Integrating sanitation with aerosols could facilitate more direct 
exposure to aerosols by reducing available food material. In addition, precise targeting of 
insecticides based on diligent monitoring of populations rather than calendar-based spray 
schedules could lead to more effective pest management. Recovery of moribund adults suggests 
little residual activity of synergized pyrethrin. Therefore, removal of moribund insects through 
cleaning shortly after aerosol treatment can be an important practice.  
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Appendix A - Chapter 1: Effects of Direct Exposure  
 
    
Fig. 1. Larvae exposed directly to synergized pyrethrin aerosol and transformed to untreated 
flour post aerosol treatment. No adult emergence from this exposure. Left: T. castaneum; Right 
T. confusum   
    
Fig. 2. Pupae exposed directly to synergized pyrethrin aerosol and transformed to untreated flour 
post aerosol treatment. No adult emergence from this exposure. Left: T. castaneum; Right T. 
confusum 
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Appendix B - Chapter 2: Flour Amounts used to Simulate Different 
Sanitation Levels in Flour Mills  
 
            
  
          
 
Fig. 3. T confusum adults exposed at different flour levels in 90 mm Petri dishes: a. 0 g;  b. 0.1 g;  
c. 1 g;  d. 5 g;  e. 10 g.  
d 
a b c
e 
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Appendix C - Chapter 2: Effects of Flour Amounts on the Efficacy 
of Pyrethrin Aerosol  
 
                       
  
           
 
Fig. 4. T confusum larvae exposed at different flour levels in 90 mm Petri dishes: a. 0 g;  b. 0.1 g;  
c. 1 g;  d. 5 g;  e. 10 g. After exposure to aerosol, 1 g of flour was added to each dish to sustain 
life. Pictures were taken 28-d after aerosol application. The larvae exposed with 5 and 10 g flour 
were better able to emerge as normal adults than larvae exposed with 1 g flour, while larvae 
exposed with 0 and 0.1 g flour did not emerge as adults.    
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Appendix D - Chapter 3: Effects of Barriers on the Efficacy of 
Aerosol Spray 
 
 
Fig. 5. Exposure of T confusum adults and pupae held in Petri dishes at open and concealed 
positions in and outside of the box. The exposure boxes used in the test were 1 m long, 20 cm 
wide with heights 5, 10 and 20 cm. The boxes were randomly located within three marked area 
inside the sheds 
     
  
           
 
